Abstract. The paper present mechanical properties and wear behavior of tantalum diboride at temperatures in the range from room temperature up to 800°C. The materials for studies were obtained using Spark Plasma Reactive Sintering method from tantalum and boron powders. The mixture was prepared according to the reaction Ta+2B→TaB2. Reactive sintering processes were carried out at temperature of 2100°C during 30 minutes and pressure of 48MPa. During the heating, exothermic synthesis reaction, with visible change of sample height and temperature increase of about 160°C, takes place. The obtained materials have an apparent density of 11.22g/cm3, the Young's modulus of 500 GPa and Vickers hardness of 19.5 GPa. The tribological investigations were carried out using ball-on-disc method in dry friction conditions, at temperatures in the range from room temperature up to 800°C. The influence of temperature on the friction coefficient, specific wear rate and Vickers hardness of sintered materials was determined. In order to study the mechanisms of the surface oxide layer formation, the microstructural analyzes of cross-section were carried out. The values of friction coefficient up to 600°C were stable. The increase of temperature up to 700°C resulted in significant decrease of the friction coefficient to the value of 0.22. The microstructure analysis of the materials indicates that the oxidation of the surface takes place above the temperature of 500°C. The negative effect of the oxides surface layer formation is a gradual decrease of the material surface hardness.
Introduction
The transition metal borides, especially diborides, are characterized by a unique combination of high melting point and hardness. Additionally they have also have electrical and thermal conductivities and resistance to chemicals, corrosion and oxidation [1, 2] .
The melting point of diborides is more than 3000°C and therefore these materials belong to the UHTC group (Ultra High Temperature Ceramics). The unique properties of transition metal diborides determine their potential application for machine parts, thermal protection components, leading edges in aircraft, details working at high temperatures and also for cutting tools. In the case of usage of these materials for machine parts and cutting tools, it is important to determine their wear resistance. The applied wear test conditions are close to the temperatures and loads, occurring during technological machining, on the blades of cutting tools [3] . The TaB 2 material is characterized by high density-12.60g/cm 3 , Vickers hardness above 20 GPa, Young's Modulus higher than 500 GPa and melting point at 3200°C [4] . These properties make tantalum diboride potentially useful in various applications including cutting tools and machine parts working at high temperatures.
Materials and Methods
The material for investigation was tantalum diboride, obtained by reactive Spark Plasma Sintering method. The mostly used process for the obtaining of a monolithic tantalum diboride is composed of several stages. The first process is pressureless synthesis reaction of tantalum and boron powders, or reduction of tantalum oxide Ta 2 O 5 by carbon and then synthesis of Ta and B. After this stage it is necessary to mill the reaction products. The final stage is sintering process to obtain bulk material. The use of advanced sintering methods, e.g., Spark Plasma Reactive Sintering (SPS-RS) allows for obtaining of transition metal borides within a single step process and in a shorter time.
The materials for wear investigation were ceramic compacts obtained from commercial powders mixture of tantalum and boron. Powders mixture composition was chosen to obtain a stoichiometric TaB 2 according to the reaction (1):
Ta+2B→TaB 2 (1) The high energetic planetary mill Pulverisette 6, equipped with silicon nitride milling bowl and balls, was used for mixture milling and homogenization. Powders were milled in isopropanol with rotation speed of 200 rpm for 2 h. After drying, the mixture was granulated.
The reactive sintering processes were carried out using SPS-RS method at sintering temperature of 2100°C during 30 minutes in vacuum. Compaction pressure was 48 MPa. The synthesis reaction occurs at a temperature of 1030°C, which results in the rapid temperature increase of about 160°C and change of sample height. This sample height changes are a results of the exothermic synthesis reaction and the formation of new phase with different specific volume ( Figure 1 ). Various research methods were used in order to determine properties of the obtained materials. Phase compositions were analyzed using X-ray diffraction with Empyrean diffractometer produced by Panalitycal Company (PDF4 database). Microstructures were examined using scanning electron microscopy (SEM, Jeol 6460LV). Apparent densities of the sintered samples were measured with the use of hydrostatic method. Young's modulus was measured based on the transmission velocity of the ultrasonic waves through the sample, using a Panametrics Epoch III ultrasonic flaw detector. Hardness was determined by the Vickers method (load 9,81N) using a digital Vickers Hardness Tester (Future-Tech FLC-50VX).
In the ball-on-disc tests (using a CETR UMT-2MT universal mechanical tester, USA), the friction coefficient and the specific wear rate of the sintered samples were determined by rotating the sample with a speed of 0.1 m/s against a stationary alumina ball having a diameter of 3.175 mm. The counter material was applied with a normal load of 15 N and the test distance was 200 m on a 8 mm circle. The tests were carried out at temperatures: RT, 100°C, 200°C, 300°C, 400°C, 500°C, 600°C, 700°C and 800°C, under dry sliding conditions. Real time values of both load and friction force was measured by two dimensional force sensor.
The friction coefficient was calculated using formula (2):
where: L -sliding distance, m.
Results and Discussion
The phase composition analysis showed that the synthesis reaction proceeded completely. After SPS reactive sintering processes the tantalum diboride material with an apparent density of 11,22 g/cm 3 , the Young's modulus of 500 GPa, and the Vickers hardness HV1 of 19.5 GPa was obtained. The mean value of friction coefficient of TaB 2 specimen, measured at room temperature was 0.57 (Table 1 ). The increase of tribological test temperature up to 600°C has not influenced the friction coefficient significantly (µ values were in the range 0.57-0.72). A significant drop in friction coefficient was observed at the temperature of 700°C (µ= 0.22). Increase of temperature up to 800°C caused further decrease of the friction coefficient (µ= 0.16). With the increase of temperature tests to 500°C the abrasive wear of tantalum diboride discs notably decreased ( Table 1 ). The influence of temperature on the hardness of sintered tantalum diboride materials was also determined. The exposure time at a test temperature was 45 minutes. The Vickers hardness remain constant at about 19.5 GPa after heating to a temperature of 400°C. Annealing at the temperature of 500°C caused the decrease in material hardness to the value of 13.3 GPa. The measurements after annealing at the higher temperatures (600°C, 700°C and 800°C) have shown a further decrease in the hardness values to 7.5 GPa, 4.5 GPa and 3.5 GPa respectively. In order to observe the mechanisms of the surface oxide layer formation, the microstructural analysis of cross-section were carried out. Figure 2 shows the microstructures of samples after treating at 500°C and 800°C. In the material annealed at 500°C, there is no visible change in the surface layer composition (Figure 2a) . The oxide layer was observed in the materials after treating at the temperatures of 600°C, 700°C and 800°C. Figure 2b show the oxide layer, which was formed at the temperature of 800°C. The thickness of this layer was about 6µm.
Conclusions
The SPS reactive sintering of tantalum and boron mixtures in appropriate proportions, leads to the formation of tantalum diboride TaB 2 . The sintered materials contained small amount of tantalum carbide (1%), as a result of heating in graphite die during the SPS process. Sintering at the temperature of 2100°C during 30 minutes results in compacts with apparent density of 11.22g/cm 3 , Young's modulus of about 500 GPa and the Vickers hardness of 19.5 ± 0.2 GPa (HV1).
The friction coefficient of sintered tantalum diboride was determined at temperatures from room temperature up to 800°C. The tests were carried out with 100°C intervals. The values of friction coefficient up to 600°C were stable and contained within the range 0.57-0.72. The increase of temperature up to 700°C and 800°C resulted in a significant decrease of the friction coefficient to the values of 0.22 and 0.16, respectively. The decrease of the friction coefficient is caused by formation of tantalum oxide Ta 2 O 5 layer on the samples surface. Together with a friction coefficient decrease, lower abrasive wear of the tantalum diboride was observed. A significant decrease of materials abrasive wear was observed after tests carried out at the temperatures in range from 500°C up to 800°C. The microstructure analysis of the materials indicate that oxidation of the surface takes place above the temperature of 500°C. The increase of test temperature up to 800°C results in the increase of the oxide layer thickness. The value of oxide layer thickness does not exceed 6 µm. The negative effect of the oxides surface layer formation is a gradual decrease of the material surface hardness.
